We evaluated the effects of early posttrau matic hypoxia on neurologic function, magnetic reso nance images (MRI), brain tissue specific gravities, and cerebral blood flow (CBF) in head-injured rats. By itself, an hypoxic insult (PaOZ 40 mm Hg for 30 min) had little effect on any measure of cerebral function. After tem poral fluid-percussion impact injury, however, hypoxia significantly increased morbidity. Of rats subjected to im pact (4.9 ± 0.3 atm) plus hypoxia, 71% had motor weak ness contralateral to the impact side 24 h after injury, while only 29% of rats subjected to impact alone had de monstrable weakness (p < 0.05). Lesions observed on MR images 24 h after injury were restricted to the impact site in rats with impact injury alone, but extensive areas with longer Tl relaxation times were observed throughout the ipsilateral cortex in rats with impact in-
Severe head injury in humans is often followed by complex secondary or delayed pathophysiologic events such as edema, ischemia, hyperemia, or de layed intracerebral hemorrhage. In either the pres ence or absence of intracranial hypertension, each event can lead to further damage to the traumatized tissue and cause cellular death in potentially viable regions.
Tr aumatized tissue and systemic physiologic ab normalities can adversely affect one another after severe head trauma. Acute lesions that expand in tracranially after injury impair pulmonary function (Weisman, 1939; Ducker, 1968) , and a significant jury and hypoxic insult. Brain tissue specific gravity mea surements indicated that much more widespread and se vere edema developed in rats with impact injury and hyp oxia.
[14C]Iodoantipyrine autoradiography performed 24 h after injury showed that there was extensive hypoper fusion of the entire ipsilateral cortex in rats with impact injury and hypoxia. These results show that large areas of impact-injured brain are extremely vulnerable to sec ondary insults that can irreparably damage neural tissue, and provide experimental evidence for the observed ad verse effects of hypoxia on outcome after human head injury. Key Words: Head injury-Fluid-percussion im pact injury-Hypoxia-Magnetic resonance imaging Specific gravity-Cerebral blood flow-Secondary in jury.
correlation has been reported between early hyp oxic and/or ischemic insults and the development of intracranial hypertension (Klauber et aI., 1984; Cruz and Miner, 1985) . Systemic insults such as ar terial hypoxia, hypotension, or hypercarbia are also frequently observed in severely head-injured pa tients and significantly increase the mortality and morbidity of head injury (Price and Murray, 1972; Miller, 1985) . It has been reported that 30-50% of patients in traumatic coma have hypoxia upon ar rival at an emergency room (Katsurada et aI., 1973; Sinha et aI., 1973; Lutz et al., 1982) , and that the time to resuscitation significantly affects outcome (Gildenberg and Makela, 1985) .
The experiments reported here were designed to clarify the effect of early posttraumatic hypoxia on neurologic outcome, the development of brain edema assessed by magnetic resonance imaging (MRI) and specific gravity measurements, and re gional cerebral blood flow (rCBF) after temporal fluid percussion impact injury in rats. Our results provide experimental evidence for the adverse ef fects of hypoxia on the traumatized brain.
MATERIALS AND METHODS

Experimental protocol
The experimental protocol was approved by the UCSF Animal Experimentation Committee. Fifty adult male Sprague-Dawley rats (weight 350-400 g) were randomly assigned to one of four groups: Group S, sham operation (n = II); Group H, hypoxia alone (n = II); Group I, impact injury alone (n = 14); and Group IH, impact in jury and hypoxia (n = 14).
Rats were anesthetized with an intraperitoneal injec tion of chloral hydrate (0.35 g/kg). Arterial blood pressure (model 5/6 Recorder, Gilson Medical Electronics) and blood gases (BMS3 Mk2 blood microsystem, Radiometer America) were monitored through a femoral catheter (PE-50). In Group S, I, and IH rats, a 4-mm-diameter cir cular craniectomy was made with a dental drill just above the zygoma under a right temporal incision. A polyeth ylene catheter (PE-350) filled with sterile water was placed against the intact dura mater, securely fixed to the skull with dental acrylic, and then connected to the fluid percussion device. Rats were allowed to breathe sponta neously throughout the experiments.
Rats in Groups I and IH were subjected to a fluid-per cussion impact pressure of 4.9 ± 0.3 atm (impact dura tion -15 ms). Immediately after impact injury, Group IH rats were transferred into a 25 x 45 x 15 cm chamber filled continuously with an hypoxic gas supply (13% 02) that maintained Pao2 between 35 and 40 mm Hg for 30 min. Rats in Group H were subjected to hypoxia alone for 30 min.
Arterial blood pressure was monitored for up to 60 min after injury and blood gases were analyzed periodically. After catheters were removed, rats were returned to their cages; normal body temperature was maintained with a heating pad.
Neurologic examinations
At 24 h after injury, neurologic outcome was assessed using the following grading system (lshige et aI., 1987a): Grade 0, normal examination; Grade 1, slight deficit (in active, but showed no or slight forelimb flexion); Grade 2, moderate deficit (less active plus definite forelimb flexion); Grade 3, severe deficit (no spontaneous move ment); and Grade 4, dead.
MRI
MR images of brains were obtained in 18 rats [Group H (n = 2), Group 1 (n = 8), and Group IH (n = 8])] with a General Electric CSI-II spectrometer/imager (2.0 tesla) 2-5 h and 24 h after injury. Rats were anesthetized with chloral hydrate (0.3 mg/kg, i.p.). A 5-cm-diameter distrib uted capacitance ("bird cage") coil tuned to the proton resonance frequency at 85.552 MHz was placed over the intact scalp and a two-dimensional Fourier transforma tion (2DFT) technique was used to obtain coronal brain images. The field of view was 4 x 4 cm 2 , the slice thick ness was 3 mm, and the size of the data matrix was 128 phase-encoded steps by 512 complex frequency encoding where I is the integral of the signal contained in a squared region of interest, k is a constant reflecting the radio fre quency (RF) level and receiver gain settings, and H is the hydrogen density. Tl values were compared between the cortex at the impact site (Fig. 1, area B) and the corre sponding area in the contralateral hemisphere (Fig. 1 , area F).
Measurement of the specific gravity of tissue
The specific gravity of brain tissue was measured in 28 rats [Group S (n = 6), Group H (n = 6), Group I (n = 8), and Group IH (n = 8)] 24 h after injury, usually after the 24-h MR images had been obtained. Rats were killed with an overdose of barbiturate; brains were removed immedi ately and examined macroscopically. Specific gravity columns were prepared from mixtures of bromobenzene and kerosene using a procedure similar to that reported by Marmarou et al. (1982) . Columns were calibrated with droplets of potassium sulfate with increasing specific gravities (1.0273 to 1.0503). Eight 2-mm-thick samples were obtained from eight different areas (Fig. 1, areas A-H) in the coronal section that included the impact site. Specific gravities were read in the gradient column 2 min after immersion of tissue samples. Normal brain tissue from six control rats was examined.
Measurement of CBF
CBF was assessed autoradiographically in 22 rats [Group S (n = 5), Group H (n = 5), Group I (n = 6), and Group IH (n = 6)] 24 h after injury. Rats were anesthe tized with an i.p. injection of chloral hydrate (0.25 mg/kg) and a PE-50 catheter was introduced into a femoral artery for monitoring blood pressure and blood gases, and into a femoral vein to inject the isotope. Rectal temperature was maintained at 37.5 ± 0.3°C with a heating pad.
Autoradiograms were obtained using an indicator-frac tionation technique (Van Uitert and Levy, 1978) : 200 fLCi/kg of 4-iodo(N-[ l 4C]methyl)antipyrine was injected as a bolus; 5 s after injection, rats were decapitated. The arterial blood sampling with a constant rate was begun before the isotope injection and stopped simultaneously with decapitation. The arterial blood radioactivity was measured by liquid scintillation counting. Brains were rapidly removed and frozen in 2-methylbutane on dry ice at -50°C; 20-j.Lm-thick sections were cut in a cryostat at -20°C, applied to x-ray film (Kodak SB5), and exposed for 7 days together with a set of calibrated standards. Re gional CBF was calculated using the equation described by Van Vitert and Levy (1978) . Data were obtained from the corresponding coronal sections where MR images and specific gravities were examined; bilateral cortex (areas A-C and E-G in Fig. I ), lateral and medial tha lami, and additionally from the hypothalamus and radia tions of corpus callosum. Six samples from three consec utive sections were averaged.
Statistical analysis
Values were expressed in means ± standard deviation. Mean arterial blood pressure (MABP), Pa02, and Pac02 were compared with control values using a paired t test that also was used to compare regional CBFs with those in the corresponding area in the contralateral hemi sphere. Between-group comparisons in TI, specific gra vities, and regional CBF were made with one-way anal ysis of variance and with Student's t test of independent samples using the Bonferroni correction. The Kruskal Wallis test and the Mann-Whitney rank-sum test were used to compare neurologic exam scores obtained 24 h after the insult. A probability of 0.05 or less was consid ered to be significant.
RESULTS
Physiologic changes
Preinjury physiologic status was stable and did not differ among groups. Mean arterial blood pres sure (MABP) was 105 ± 7 mm Hg, Pao2 was 88 ± 6 mm Hg, and Paco2 was 36 ± 4 mm Hg. Surgical preparation caused only minimal changes in MABP, and Group S rats remained physiologically stable throughout the experiment.
Impact injury produced transient apnea and an immediate increase in MABP. Group I and Group IH rats had apnea for 18 ± 7 s and 22 ± 10 s, re spectively, and had increases in MABP of 53 ± 20% and 56 ± 24% of control values, respectively. In Group I rats, MABP returned to control levels within the next 5 min. Group I rats hyperventilated after the initial apnea, and had a low value of Paco2 of 28 ± 5 mm Hg 5 min after injury (p < 0.005 vs control). Hyperventilation lasted 10-30 min.
Group H and IH rats had an immediate fall of MABP to 67 ± 13 mm Hg (p < 0.00l). Rats hyper ventilated spontaneously in the chamber and P aco2 fell to 24 ± 4 mm Hg (p < 0.001) while Pao2 was maintained between 35 and 40 mm Hg. MABP and P a02 returned to control levels and P aco2 returned to near control levels (34 ± 3 mm Hg and 32 ± 5 mm Hg in Group H and Group IH, respectively) within 30 min of removal from the hypoxia chamber and being allowed to breathe room air spontane ously. 
Neurologic examination
Results of the neurologic examination conducted 24 h after injury are summarized in Table 1 . Group S and Group H rats appeared to be normal. Neuro logic outcome was significantly worse in Group IH than in Group I rats (p < 0.05); 71% of Group IH rats had definite motor weakness contralateral to the impact side or lay motionlessly in the cage, while only 29% of Group I rats showed remarkable motor weakness 24 h after injury.
MRI
No remarkable abnormalities were seen in MR images obtained within 2-5 h of injury (Fig. 2) . T2-weighted images (TR = 3 s, TE = 80 ms) taken 24 h after injury clearly showed differences between damaged areas in the various groups (Fig. 3) . Group H rats had no apparent abnormality on MRI (Fig. 3A) . While abnormal high signal-intensity le sions in Group I rats were restricted to the cortex of the impact area (Fig. 3B ), Group IH rats had high signal-intensity areas that extended over the entire ipsilateral cortex (Fig. 3C) . The contralateral cortex also was involved in two rats.
T I values at the impacted cortex (area B) in Group IH (1,878 ± 241 ms) were greater than those in Group I (1,478 ± 165 ms, p < 0.005), which con firmed the severity of damage in the cortex in Group IH.
Specific gravity measurements
Brain tissue from rats in Group S and Group H had normal specific gravities (Fig. 4) . In Group I rats, the cortex at the impact site (area B) and ipsi lateral parasagittal cortex (area A) had significantly lower specific gravity than did the corresponding areas in Group S rats (p < 0.001 and p < 0.01, re spectively). Changes in other areas were not signifi cant. Brain edema in the ipsilateral cortex was widespread and severe in Group IH rats. Specific gravities in the ipsilateral cortex (areas A, B, and C) were significantly lower than those in Group I rats (p < 0.05, p < 0.01, and p < 0.01, respec tively). 
CBF measurements
Regional CBF was measured 24 h after injury. MABP, blood gases, and rectal temperature were stable within normal ranges and did not differ among groups before isotope injection (Table 2) .
Autoradiograms showed extensive regions of hy poperfusion in the injured cortex in Group IH rats (Fig. SB) . Almost the entire ipsilateral cortex was ischemic in Group IH, while only the site of impact in cortex showed a significant decrease in CBF in Group I rats (Fig. SA) .
Comparisons of regional CBF in coronal sec tions, which included the impact site, are summa rized in Table 3 . CBF was slightly elevated in the cortex underneath the craniectomy site in Group S rats (area B), although not statistically significantly. In Group H rats, values were symmetric in the two hemispheres and were not different from values ob tained in normal hemispheres of Group S rats. In Group I rats, CBF at the impacted cortex (area B) was significantly lower than that at the corre sponding area (area F) in the contralateral cortex (p < O.OS), and was significantly lower than CBF values in area B in Group S rats (p < O.OS). In three of six Group I rats, relative hyperemia was ob served at the cortex ventral to the impact site ( 6). The ipsilateral deep structures and the contralat eral hemisphere were not affected.
In Group IH rats, values in the ipsilateral cortex (areas A, B, and C) were significantly lower than those in Group I rats (p < O.OS), and CBF at the contralateral parasaggital cortex (area E) was also mildly decreased. These low flow areas were sim ilar to the abnormal regions observed in MR Images.
DISCUSSION
The results of this study clearly show that early posttraumatic hypoxia leads to a poorer neurologic S.G. outcome and causes widespread brain edema and ischemia after traumatic injury. Significant correla tions between the presence of hypoxia and higher mortality and/or morbidity have been found in sev eral clinical and experimental studies (Price and Murray, 1972; Lutz et aI., 1982; Nelson et aI., 1982; Miller, 1985) . Nelson et al. (1982) reported that se vere hypoxia (P ao2, 23 mm Hg for 60 min) worsened and delayed the neurologic recovery of head-in jured cats. Our results show that milder hypoxia (Pa02' 40 mm Hg for 30 min), which by itself causes minimal changes in electroencephalographic (EEG) traces (Ishige et aI., 1987a) or levels of high-energy phosphate metabolites in brain (lshige et aI., 1987b), worsens neurologic function and increases the severity of brain damage after trauma. Brain edema commonly occurs in human head in jury. MRI, specific gravity method (Nelson et aI., 1971; Marmarou et aI., 1982; Shigeno et aI., 1982) , quantitative autoradiography (Blasberg et aI., 1980) , tissue pressure measurement (Reulen and Kreysch, 1973) , or immunocytochemistry (Pickel, 1981) have been used to study cerebral edema pro duced in various ways. Relatively little information is available regarding the causes and consequences of traumatic brain edema, however. The complex pathophysiologic events that follow head injury have not been simulated precisely in laboratory models.
Group S Group
Cold injury produces vasogenic edema and cell injury and has been used widely as a model of focal injury (Baker et al., 1971; Frei et aI., 1973; Go et aI., 1974; Cooper et aI., 1979; Asato et aI., 1983) . Edema caused by focal injury has also been studied using a compressive brain lesion that mimics devel opment of an extracerebral mass (Cutler et aI., 1964; Yamaguchi et aI., 1976) . This injury also causes an increase in vascular permeability and allows plasma protein to move into tissue spaces.
Several traumatic head injury models that deliver abrupt mechanical brain insults have been used to explore the timing and location of brain edema under conditions that mimic acute human head trauma (Corales et at., 1980; Tornheim and McLaurin, 1981; Crockard et aI., 1982; aI., 1984). Some investigators have stressed the im portance of tissue hemorrhage for the development of brain edema. Crockard et al. (1982) employed a unilateral contusion-laceration injury and found that edema in the cortex and white matter was more severe near areas of tissue hemorrhage 1 h after in jury. Tornheim et al. (1981 Tornheim et al. ( , 1984 used an impact acceleration injury, which frequently provided uni lateral cerebral contusion in the cat, and found that cortical edema occurs peripheral to the sites of hemorrhage as early as 15 min after injury; cats without contusions did not show measurable edema for 6 h after injury. Traumatic cerebral edema in humans appears as a hypodense area on computed tomographic (CT ) scans and occurs most often in areas of cerebral contusion and/or intracranial hem orrhage (Clifton et aI., 1980; Miller et aI., 1980) .
Since Sullivan et al. (1976) reported that fluid percussion impact injury is reproducible and quan tifiable, this method has been used to examine pathophysiologic responses to concussive brain in jury (Povlishock et aI., 1978; Lewelt et aI., 1980 Lewelt et aI., , 1982 Wei et aI., 1980; Marmarou et aI., 1984; De Witt et aI., 1986) . In most studies, impact was de livered to the midline dura mater at the skull vertex of cats in which ventilation was controlled. Early vascular changes including transient breakdown of the blood-brain barrier to protein in the brain stem (Povlishock et aI., 1978) , endothelial damage of ce rebral vessels (Povlishock et aI., 1980) , loss of au toregulatory responses (Lewelt et aI., 1980) , and dilatation of pial arteries (Wei et aI., 1980) asso ciated with an increase in CBF (De Witt et aI., 1986) were found in some studies. Impact injury may cause subarachnoid hemorrhage around the brain stem, but intraparenchymal hemorrhage is usually minimal or absent (Sullivan et aI., 1976; Corales et at., 1980) . This impact injury did not produce changes in regional tissue water content for up to 30 min after injury (Corales et aI., 1980) ; Marmarou et aI. (1984) reported recently that brain edema was present 24 h after impact injury.
In our experiments, spontaneously breathing rats were impacted in the temporal region, a site that we believe mimics human head injury more closely than injury at a vertex site (Ishige et aI., 1987 a) . Temporal impact caused minimal or no intraparen chymal hemorrhage except for a small amount of bleeding in the ipsilateral radiations of corpus cal losum (Ishige et aI., 1987a) . Significant brain edema developed at the impacted cortex 24 h after injury, as found in MR images and specific gravity mea surements.
The mechanism of formation of cerebral edema after trauma is not yet well defined. Formation of edema may be directly related to the injury itself (Tornheim and McLaurin, 1975) or may be caused by the ischemia that occurs secondary to mechan ical injury (Crockard et aI., 1982) . Ischemia may develop in contused tissue because of extravascular pressure from the destroyed tissue and petechial hemorrhage or from intravascular clots (Hekmat panah and Hekmatpanah, 1985) ; Crockard et aI. (1982) have suggested that reperfusion might con tribute to the formation of edema in contused brain tissue. Recently we used the hydrogen clearance method to measure sequential changes in regional CBF after temporal fluid-percussion impact injury, and found that CBF decreased in the injured cortex by 50-80% of control levels for more than 4 h after injury and in the contralateral cortex it decreased less severely for 1-2 h (unpublished results). Therefore, ischemic mechanisms might have con tributed greatly to the production of brain edema in the present study.
While changes in MRIs, specific gravities, and CBF after impact injury alone were restricted to the cortex at the site of injury, impact plus hypoxia caused brain edema and ischemia that extensively involved the cortex ipsilateral to, but at a consider able distance from, the impact site 24 h after injury. The development of greater amounts of edema agrees with clinical observations that early hypoxia correlates significantly with the development of in tracranial hypertension (Cruz and Miner, 1985) . Lewelt et al. (1982) reported that cerebrovascular dilatation to hypoxia is lost or diminished after im pact injury, even in areas that are not damaged di rectly. When an hypoxic insult is added to the im pact injury, traumatized tissue may not receive a sufficient supply of oxygen, which could lead to cy totoxic edema. The presence of some hypotension and hypocapnia during hypoxia also may have con tributed to the ischemic damage in the present study. In other studies using this model, we found that high-energy phosphate metabolism is ad versely altered by hypoxia and impact injury (lshige et aI., 1987 b) .
Edema was observed predominantly in the in jured cortex after impact and hypoxia. As men tioned above, decreases in CBF were greater and lasted longer in the injured cortex after impact in jury, which made the injured cortex more vulner able to an hypoxic insult than other areas. It is known that initial EEG depression is markedly de layed in the injured hemisphere after impact injury and hypoxia (lshige et aI., 1987a) .
The relationship between blood flow and brain edema has been evaluated mainly in animal models of stroke (Symon et aI., 1979; Crockard et aI., 1980; Schuier and Hossmann, 1980) . Symon et aI. (1979) reported that the amount of edema correlates in versely with remaining flow in the ischemic area. A rapid increase in the water content of the cortex is found with CBFs below to-15 mlltOO g/min in cats (Schuier and Hossmann, 1980) . With severe brain ischemia, there is a massive potassium efflux into the extracellular space (Astrup et aI., 1977) , and vasoactive substances such as free fatty acids (Bazan and Rodriguez de Turco, 1980) , prosta glandins (Wolfe, 1982) , and free radicals (Chan et aI., 1982) are released and may change the vascular permeability. Generation of free radicals has been observed after impact trauma as well . On the other hand, the presence of brain edema could decrease regional CBF by in creasing tissue pressure. With cold injury edema, cortex and white matter have moderately depressed CBF (Frei et aI., 1973; Dick et aI., 1980) . Any of these mechanisms might explain our findings that edematous lesions observed on MR images were very similar to ischemic areas found on autoradio grams 24 h after injury.
MRI has an increasingly important clinical role in the diagnosis of neurologic disorders. MRI is supe rior to CT scanning for the identification of non hemorrhagic intraparenchymal contusions in head injured patients (Snow et aI., 1986) . Attempts have been made to follow the formation of brain edema using relaxation times (Asato et aI., 1983; Brant Zawadzki et aI., 1984) . In the present study, MRI clearly showed differences in brain damage be tween impact-injured rats with and without hyp oxia. These results suggest that MRI may be used to detect secondary or ischemic brain damage after trauma that may not be visualized on CT scans, al though we do not have CT studies of rats subjected to this experimental protocol. It is well known that some head-injured patients have CT scans that are within normal limits through the posttraumatic pe-riod in spite of a deep comatose status (Lobato et aI., 1986) . MRI may be of value for the evaluation of these patients.
We observed hyperemia, another important con sequence of clinical head injury, near the impact site in three rats with impact injury alone. Hyper emia has been observed hours to days after trauma in patients (Bruce et aI., 1973; Fieschi et aI., 1974; Enevoldsen et aI., 1976) and its presence might add to intracranial hypertension (Obrist et al., 1983) .
The clinical implications of the present studies are clear. Posttraumatic hypoxia, even though it is not injurious on its own, can produce significant detrimental secondary damage to the traumatized brain. Hypoxia has been observed in 30-50% of comatose head-injured patients at the emergency room (Katsurada et al., 1973; Sinha et aI., 1973; Lutz et al., 1982) , and ischemic changes have been found in more than half of the patients who suc cumb to head injury (Graham et aI., 1978) . It is clear that, despite substantial recent improvements in emergency medical services, much work needs to be done in early treatment of secondary insults such as hypoventilation. Given that apnea is common in animals (Gennarelli et aI., 1982) and humans (Levine and Becker, 1979) after injury, consideration might be given to immediate "road side" pulmonary resuscitation, administered by by standers, to try to prevent apnea-induced hypoxia that must follow most severe human head injury. This early, simple therapy conceivably could pro foundly reduce some of the diffuse pathology seen after human brain trauma. We believe that impact injury plus hypoxia provides a more clinically rele vant experimental model of human head injury than other models used previously and hope that it will prove useful both for understanding the pathophys iology of head injury and for evaluating proposed and current therapies for its treatment. 
